Abstract (Rogers et al., 1996; Fischer et al., 1997). In these plants, enzymes responsible for sucrose uptake and assimilation The original maize (Zea mays L.) var. Zacatecas 58 (Z 0 ) on one side, and photosynthetic rates, sucrose synthesis and five composites of cycles 5, 10, 15, 20, and 23 of and transport on the other, have been described as stratified mass selection (Z 5 , Z 10 , Z 15 , Z 20 , and Z 23 ) for participants in the mechanisms determining plant yield improved productivity applied to the original variety (Gifford and Evans, 1983; Daie, 1985; Hay and Walker, were used as the model system. Ribulose-1,5-1989; Jones et al., 1996). Indeed, it has been demonstrated bisphosphate carboxylase/oxygenase (EC 4.1.1.39) that in higher plants, carbohydrate depletion up-regulates (Rubisco) activity and the rates of net photosynthesis genes for photosynthesis, remobilization and export, in the leaves above the ear were compared in all the indicating a mechanism for controlling resource distribucomposites during the grain filling period. Leaves were tion among tissues and organs ( Koch, 1996). sampled weekly from anthesis to physiological maturSeveral studies in C 3 plants have pointed to ribuloseity. Results showed a significant and gradual increase 1,5-bisphosphate carboxylase/oxygenase (Rubisco) actin Rubisco activity for the improved populations. In ivity and photosynthetic capacity of the source leaves vivo photosynthesis measured by IRGA during the as possible limiting factors for plant growth and fruit same period also showed increased levels associated development (Jang and Sheen, 1994; Rogers et al., 
Introduction a positive correlation between increased Rubisco activity and gain in grain production exists (Loza-Tavera et al., In higher plants, sink/source relationships are established between photosynthetic and the developing organs 1987; Martínez-Barajas et al., 1992 , 1997 . On the other gram of leaf tissue (made of a mixture of three leaves) was hand, the leaf Rubisco protein content in these plants powdered in a mortar and pestle with liquid nitrogen, vortexed was indistinguishable between the original and a yield for 2 min in 1.5 ml buffer (100 mM buffer Tricine-NaOH improved maize population, whereas R-A significantly pH 8.0, 10 mM MgCl 2 , 10 mM NaHCO 3 , 5 mM EDTA, 10 mM increased in the latter as compared with the control b-mercaptoethanol, 1 mM PMSF, and 2% PVP) and centrifuged at 12 000 g for 120 min. The supernatant was used as enzyme (Martínez-Barajas et al., 1997) , suggesting that Rubisco source. Three different leaf mixtures, out of the five collected activation might account for this phenomenon.
leaves, were prepared for each DAA.
Based on these antecedents, the present work focuses on elucidating whether C 4 selected plants for larger sink
Rubisco assay strength might have up-regulated photosynthesis and the Rubisco activity was measured in each leaf extract in duplicate CO 2 -fixation process. The aim of this research was to following the established protocol of Robinson et al. (1988), gain knowledge on the biochemical and molecular pathmodified by Loza-Tavera et al. (1990) . The assay mixture contained: assay buffer (100 mM Tricine-NaOH, pH 8.0, 10 mM ways underlying maize productivity.
MgCl 2 , 4.16 mM DTT ), 1.66 mM ribulose-1,5-bisphosphate tetrasodium salt (RuBP), 10 mM NaH14CO 3 (100 mCi mmol−1, Amersham), and 5 ml of leaf extract in a final volume of 65 ml.
Materials and methods
Initial velocity was calculated from four determinations at 0, 20, 40, and 60 s in each sample. The radioactivity incorporated Biological materials in the acid stable products was quantified with a Packard The biological material chosen for this study was a series of Liquid Scintillation Counter (Minaxi b serie S400). One enzyme maize plant populations generated by stratified mass selection unit is equal to 1 mmol of 14CO 2 fixed min−1 under the assay for yield improvement, based on visual selection of the top 5% conditions. Soluble protein was determined by the method of plants bearing the best aspect of ear characteristics. Whole Bradford (1976), using bovine serum albumin (Sigma) as population size was 6000 plants, and the selected sample standard. comprised 300 plants per cycle (Molina-Galán, 1983) . Plants of Zea mays L. cv. Zacatecas 58 were used in this work.
Spinach Rubisco activase purification Six populations were tested: Z 0 , Z 5 , Z 10 , Z 15 , Z 20 , and Z 23 Approximately 100 g of spinach leaves were used to purified (subindices refer to the number of selection cycles). Plants from R-A following the method described by Robinson et al. (1988) . all these populations were grown simultaneously in the same Antibodies against R-A were raised using this purified protein. field to avoid differences introduced by changes in enviromental conditions. The plants were cultivated under irrigation in a Western blot analysis completely randomized block design at Montecillo, State of México, located at 19°53∞ N, 98°53∞ W and 2245 m altitude.
Leaf extracts (either 5 mg or 50 mg of soluble protein for Rubisco The plots comprised two rows 80 cm apart of 12 hills each or R-A, respectively) were subjected to SDS electrophoresis spacing 40 cm, with two plants per hill in four replicates per by the Laemmli method (Laemmli, 1970) . Thereafter, proteins population. The ear leaf plus one of the plants was sampled for were blotted onto nitrocellulose membranes in a Hoefer each maize population every 8 d between 11.00 h and 13.00 h Scientific electroblotting apparatus. The nitrocellulose memstarting at anthesis and up to grain maturity (days after branes were processed following the method of Towbin et al. (15700) were used for the assay coupled with second-stage antibody-peroxidase conjugate (Sigma). The blots were Whole leaf area of the ear leaf plus one was measured by an developed by the 4-chloro-1-naphthol method. Relative densitointegrator Li-Cor Inc. Li-3100. Leaf fresh weight, and plant metric quantification in films was performed using a densitoheight were measured, and leaf dry weight was recorder for meter Lasser×Ray Ultrascan XL (Pharmacia, LKB), and leaves dried in an air-circulating oven at 60°C until reaching taking Z 0 band intensity as 1 in each case. The values were constant weight. Whole leaf area, fresh and dry weight of the normalized by the total protein loaded per slot. ear leaf plus one were performed in one plant per replication, whereas plant height was measured on an average of ten plants.
Statistical analysis At physiological maturity, the ears were collected and yield was determined as the amount of grain weight per plant, at 14%
All determinations are averages of the number of samples water content, in 192 plants, that included the plants missing indicated for each parameter. Variance analysis and mean value the ear leaf plus one.
comparisons were performed by the statistical SAS computer package (SAS Institute Inc., Cary, NC, USA). Tukey's procedure was used for mean comparisons. Photosynthetic rate This parameter was determined on the ear leaf plus one at several stages from anthesis to physiological maturity using an
Results
IRGA (Li-Cor 6200, Lincoln, Nebraska) apparatus according to Coombs et al. (1985) . The ear leaf plus one from five in the same field under the same enviromental conditions to assess their agronomical, physiological and biochemical
Leaf sample preparation characters.
The ear leaf plus one from five representative plants per population were collected to do the leaf sample extracts. One
Data collected at the end of the agronomical cycle showed that some of the main agronomical and physiowhich was not accompanied by increments in Rubisco protein.
To reproduce and further confirm this phenomlogical parameters differed among plants from different improved selection cycles. Plant height and leaf area enon, total protein and Rubisco protein were measured in extracts of the ear leaf plus one taken at different (measured in the ear leaf plus one) increased along with the number of selection cycles from 155 to 220 cm for the periods from 0 to 60 DAA in all the populations indicated above. Results showed steady values for total protein former, and 290 to 543 cm2 for the latter, in populations Z 0 and Z 23 , respectively ( Table 1) . However, the period during most of the period followed by a slight decrease toward the end, with no significant differences between to male flowering (DTF ) changed only sligthly, from 64 to 71 d from Z 0 to Z 23 (Table 1) . On the other hand, populations ( Table 3) . Rubisco protein was determined in the same extracts by Western blots. Equal samples yield-related parameters were significantly improved. Ear length and diameter increased in the selected populations (5 mg) of the leaf extracts, were applied for the SDS-PAGE analysis. The Western blots revealed similar from 10.3 to 14.2 cm and 4.0 to 4.5 cm in Z 0 and Z 23 , respectively. Grain yield increased from 3.2 to 7.0 t ha−1 amounts of Rubisco LS protein for all the populations ( Fig. 1A) . Indeed, the densitometric analysis performed from Z 0 to Z 23 populations, an increase of more than 100% throughout 23 cycles of mass selection (P≤0.05) in the Western blot films showed that Rubisco protein remained approximately constant for all population, even ( Table 2) .
Previous work from this laboratory on some of these within the lapse of maximum change of Rubisco activity (around 24 DAA) (Fig. 1B) . These results were reprodumaize populations (Loza-Tavera et al., 1987; Martínez-Barajas et al., 1992 , 1997 showed a transient increase of cible and very similar for samples taken at either 0, 24, or 40 DAA of the filling period. Rubisco activity on the ear leaf plus one after anthesis, Photosynthesis was determined in situ in the ear leaf plus one of plants from early, middle and advanced mass synthetic rates were observed in populations of advanced cycles of yield improvement even during days with low light intensity ( Fig. 2A) . Moreover, Z 23 showed signific- the period than the ones used for photosynthetic rate increases during the filling period, increasing as the selection cycle of the maize population increased. Statistical analysis of Rubisco activity, expressed as enzyme units of this protein was determined by Western blot analysis. This was performed using extracts of ear leaves plus one per milligram of protein, revealed significant differences between Z 0 , Z 5 and Z 10 compared with Z 23 (P<0.05) for all maize populations at three DAA stages within the experimental period (0 DAA, 24 DAA and 48 DAA). (Fig. 3) . Z 15 was also larger than Z 23 in four out of six periods tested and Z 0 showed significantly lower values Results for the 24 DAA stage are presented (Fig. 4A) as a representative set of data from these experiments. As than those in populations Z 15 or Z 20 in all but one of the periods (see letters on Fig. 3 ). These differences became can be observed, the band corresponding to R-A shows increased intensities for the improved populations during even more pronounced when Rubisco activity was expressed in terms of activity per whole leaf, as leaf area the selection process. The densitometric analysis of these data show more clearly this phenomenon ( Fig. 4B) . The also increased with the number of selection cycles ( Table 1) . The above data indicate an association between other two periods tested, 0 DAA and 48 DAA, gave similar patterns for both proteins, i.e. Rubisco protein, photosynthetic rate and Rubisco activity in the yieldimproved maize populations.
remained unchanged for all populations, as in Fig. 1B , and R-A showed progressive larger protein contents in To investigate whether the increments in Rubisco activity observed during grain filling and among improved the advanced cycles tested (Fig. 4B) . Densitometric measurements of Rubisco LS and Rubisco activase from these populations were associated with leaf R-A, the content data, including those from 0 and 48 DAA, allowed the relative R-A/LS protein ratios to be calculated at the three stages. The R-A/LS ratios for Z 0 were 0.189 at 0 DAA, 0.161 at 24 DAA and 0.164 at 40 DAA. Taking each of these values arbitrarily as 1.0, the relative values for R-A/LS ratios for the other populations were calculated ( Fig. 5 ) and the ratios were always higher. Since the content of LS was fairly constant for all populations ( Fig. 1B) these data indicate an association between the number of mass selection cycles for yield improvement and the content of R-A in the ear leaf plus one for the three DAA stages tested.
Discussion
A series of visual stratified mass selected maize populations converging to yield improvement, were used to test whether up-regulation of photosynthesis and CO 2 -fixation activity might be involved in the process leading to improved plant productivity.
According to previous reports, high CO 2 exchange rate (CER) has not been found associated to increased yield in corn (Crosbie et al., 1981) . However, genetic variability among corn has made it difficult to evaluate the actual contribution of specific physiological traits to yield improvement (Hageman and Lambert, 1988) .
The aim of the maize populations tested in the present A research is the genetic constancy of the corn populations 
